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Heterochromatin represents a specialized chromatin environment vital to both the repression and expres-
sion of certain eukaryotic genes. One of the best-studied heterochromatin-associated proteins is Drosophila
HP1. In this report, we have disrupted all somatic copies of the Tetrahymena HHP1 gene, which encodes an
HP1-like protein, Hhp1p, in macronuclei (H. Huang, E. A. Wiley, R. C. Lending, and C. D. Allis, Proc. Natl.
Acad. Sci. USA 95:13624–13629, 1998). Unlike the Drosophila HP1 gene, HHP1 is not essential in Tetrahymena
spp., and during vegetative growth no clear phenotype is observed in cells lacking Hhp1p (DHHP1). However,
during a shift to nongrowth conditions, the survival rate of DHHP1 cells is reduced compared to that of
wild-type cells. Upon starvation, Hhp1p becomes hyperphosphorylated concomitant with a reduction in ma-
cronuclear volume and an increase in the size of electron-dense chromatin bodies; neither of these morpho-
logical changes occurs in the absence of Hhp1p. Activation of two starvation-induced genes (ngoA and CyP) is
significantly reduced in DHHP1 cells while, in contrast, the expression of several growth-related or constitu-
tively expressed genes is comparable to that in wild-type cells. These results suggest that Hhp1p functions in
the establishment and/or maintenance of a specialized condensed chromatin environment that facilitates the
expression of certain genes linked to a starvation-induced response.

Gene expression in eukaryotes relies upon the accessibility
of the DNA template to a variety of components in the tran-
scription apparatus, which is controlled in turn by a locus-
specific chromatin structure. Chromatin of higher eukaryotes is
often discussed in terms of two cytologically distinct domains:
euchromatin and heterochromatin. Heterochromatin is classi-
cally distinguished from euchromatin by its paucity of genes, its
highly condensed chromatin structure throughout the cell cy-
cle, its late replication in S phase, and its enrichment in repet-
itive DNA sequences (25, 32). However, genes have been iden-
tified that reside within heterochromatic regions (21, 27), and
the expression of some of these genes is dependent upon their
placement in heterochromatin. Furthermore, recent evidence
has shown that heterochromatin plays important roles in long-
range intra- and interchromosomal interactions that affect nu-
clear organization (8, 10), chromosome segregation (9, 33, 46),
and locus-controlled patterns of transcriptional activity (42).

Heterochromatin and euchromatin represent two different
structural environments, and each has profound effects on
gene expression (55, 58). A large body of genetic evidence
suggests that heterochromatin interferes with the expression of
normally euchromatic genes. In yeast cells, for example, mi-
totically transmissible silencing of silent mating-type loci de-
pends upon nearby sequences, as well as on histone and non-
histone chromosomal components (44). Sequences not related
to mating type become transcriptionally repressed when placed
at or near this specialized chromatin environment, and similar
positional silencing occurs near telomeres (24). Likewise in

Drosophila melanogaster, heterochromatic position-effect var-
iegation (PEV) is characterized by mitotically transmissible
silencing and position-dependent gene silencing (55, 57, 58).
Silencing by pericentric heterochromatin has also been ob-
served in transgenic mice (18). Thus, the underlying mecha-
nism leading to positional silencing appears to exist in yeast,
flies, and mammals.

PEV in flies is influenced by modifiers (both enhancers and
suppressors), and these gene products have been proven im-
portant in dissecting the composition of heterochromatin. One
of the PEV modifier genes, Su(var)205, encodes HP1, which is
perhaps the best-studied structural protein associated with het-
erochromatin (11, 12). A loss-of-function mutation in Su(var)
205 leads to increased expression of euchromatic genes that
suffer from position effect (i.e., White), while overproduction of
HP1 results in decreased expression of these genes (12). Op-
posite results have been obtained for heterochromatin-posi-
tioned genes (i.e., Light), suggesting that genes localized in
heterochromatin differ in their regulatory requirements (26).
Conservation of HP1 throughout evolution (50) and the lethal-
ity of HP1 null alleles (13) suggest that HP1 is important for
cell viability and development in flies. In support of this, Swi6p,
a chromodomain-containing protein from fission yeast, while
not essential, is required to maintain transcriptional repression
at the silent mating-type loci and centromeres (2, 15, 38).
Recent studies of Dswi6 cells have shown a reduced spore
viability, along with altered expression of some meiotic genes,
suggesting that proteins of this general family play an impor-
tant yet poorly understood role in gene expression (37).

Like other ciliates, Tetrahymena spp. exhibit nuclear dimor-
phism, wherein each cell contains both a germ line micronu-
cleus and a somatic macronucleus (22, 23). Even though these
nuclei coexist as neighbors in a common cytoplasm, they differ
considerably in function and provide a useful model for study-
ing the function of HP1-like proteins. Recently, we reported
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the identification of an HP1-like protein, Hhp1p, that is absent
from transcriptionally silent micronuclei but is modestly en-
riched in the condensed chromatin regions (referred to as
chromatin bodies) that punctuate transcriptionally active ma-
cronuclei (30). Here, we report the disruption of all somatic
(macronuclear) copies of the endogenous HHP1 genes in Tet-
rahymena thermophila. Our results demonstrate that, unlike
Drosophila HP1, Hhp1p is not essential. Although no pheno-
typic difference is observed in vegetative cells lacking Hhp1p, a
clear phenotypic difference is observed when cells are starved
for nutrients. During a shift to nongrowth (starvation) condi-
tions, the survival rate of cells lacking Hhp1p (DHHP1) is
reduced relative to wild-type cells, morphological changes in
chromatin body size fail to occur, and the activation of two
starvation-induced genes is markedly reduced. These results
suggest a model wherein the loss of Hhp1p leads to aberrant
assembly of the condensed chromatin in macronuclei during
the transition from growth to nongrowth conditions. We sus-
pect that failure to properly assemble condensed chromatin
domains leads to the reduced expression of starvation-induced
genes that reside in and utilize condensed chromatin in a
positive fashion to bring about their expression.

MATERIALS AND METHODS

Cell culture. A genetically marked strain of T. thermophila, CU428 (Chx/Chx-
[cy-s]VII), was used as the wild-type cell strain in all of the experiments reported
here. It was generously provided by Peter Bruns (Cornell University, Ithaca,
N.Y.).

Plasmid construction. Genomic DNA was digested with SpeI and religated,
and the HHP1 59 and 39 flanking regions were obtained by inverse PCR with the
following primers: 59-GCTCGGCCCGGGCTTTTGTCATATTTGATGC-39
and 59-GCTCGGATCGATGCTAATCCGCTGATTAG-39. A 0.5-kb fragment
of the 59 flanking region and a 0.4-kb fragment of the 39 flanking region were
released by digesting the inverse PCR product with SpeI. The 0.4-kb fragment
was repaired with the Klenow fragment of Escherichia coli DNA polymerase I
and then digested with ClaI and ligated to a ClaI-HincII restriction fragment of
p4T2-1 (containing a 1.5-kb drug resistance marker driven by an HHF1 pro-
moter, followed by the Neo gene and the BTU2 terminator [see reference 19]).
The resulting plasmid is referred to as pNeo-39. The 0.5-kb fragment of the 59
flanking region was cloned into the T/A vector pCRTMII (Invitrogen Corp.),
released by SpeI digestion, and ligated to SpeI-linearized pNeo-39. The final
construct, referred to as pHHP1-Neo, was cut with SacI and XhoI, and a 2.4-kb
insert containing the HHP1 59 and 39 sequences interrupted by the drug resis-
tance cassette was released and used for transformation.

Gene replacement with the Biolistic gun. Transformation was performed ac-
cording to the protocol of Cassidy-Hanley et al. (6) by using the DuPont Biolistic
PDS-1000/He Particle Delivery System (Bio-Rad) except that 1.0-mm gold beads
(Bio-Rad) were used instead of tungsten particles. CU428 cells were grown in
1% (wt/vol) enriched Proteose Peptone (13 SPP) medium to 2 3 105 cells/ml,
harvested, and then starved in 10 mM Tris-HCl (pH 7.5) for 18 h. For each
transformation attempt, 107 cells were washed and resuspended in 1 ml of Tris
(10 mM) buffer. The gold particles were coated immediately before use with 1.5
mg of DNA/100 ml of particle suspension (60 mg of gold beads/ml of sterile H2O).
The conditions for bombardment have been described previously (6). After
bombardment, cells were immediately resuspended in 20 ml of SPP medium and
plated on four 96-well microtiter plates. Paromomycin (Sigma Chemical Co.) was
added 3 h later to a final concentration of 50 mg/ml. Two transformants were
obtained after 50 to 60 generations of growth under selection with paromomycin.
The final drug resistance of both HHP1 knockout strains was 2.5 mg of paro-
momycin per ml; wild-type cells typically cannot grow in the presence of more
than 0.08 mg of paromomycin per ml. After complete phenotypic assortment had
occurred, cells were grown in the absence of paromomycin (13 SPP) for at least
1 month before experiments were initiated with the knockout strain.

Southern blot analyses. Total genomic DNA was isolated as described by
Gaertig and Gorovsky (19) from wild-type CU428 cells and DHHP1 cells.
Genomic DNA (15 mg) was digested with HindIII. To probe for HHP1, a 0.5-kb
fragment from the 59 flanking region of HHP1 (see Fig. 1A) was labeled with
[a-32P]dATP by random priming (39). To probe for the Neo gene, a 1.3-kb
fragment containing the Neo coding sequence was used as a probe (see Fig. 1A).
Southern blotting was performed according to the standard procedure (39).
Hybridization was carried out at 42°C in hybridization buffer containing 50%
formamide.

Northern blot analyses. Total RNA was isolated by Trizol extraction according
to the manufacturer’s protocol (GIBCO-BRL). Cells (6 3 106) were extracted in
1 ml of Trizol, followed by standard protocols as provided by GIBCO-BRL. RNA
(10 mg) was electrophoresed on a 2.2 M formaldehyde–1% agarose gel. Gels

were blotted onto Magnagraph nylon membranes (MSI, Inc.), and hybridization
was carried out under the same conditions as for the Southern analyses (see
above). HHT1, HHT3, CyP, and ngoA probes were generously provided by the
laboratory of Martin Gorovsky at the University of Rochester.

Western analyses. Macronuclear acid-soluble proteins were extracted from
logarithmically growing or starved cultures of DHHP1 or CU428 strains and
subjected to electrophoresis and immunoblotting analyses under conditions de-
scribed previously (30).

Growth analyses. DHHP1 and CU428 cells were used to inoculate 50 ml of 13
SPP medium at starting densities of 0.5 3 104 to 1 3 104 cells/ml. Cultures were
grown at 30°C with shaking. Aliquots of the cultures (100 to 200 ml) were counted
with a hemocytometer at frequent intervals.

Viability tests during starvation. DHHP1 and CU428 cells were starved at a
density of 2 3 105 to 3 3 105 cells/ml in 10 mM Tris-HCl (pH 7.4) at 30°C without
shaking. To determine cell densities, cells were fixed with 1% formaldehyde and
counted with a hemocytometer every 5 h for up to 40 h after the initial starvation
period. The survival rate of approximately 100 hand-picked cells, after defined
periods of starvation, was determined as described by Yu and Gorovsky (60). To
evaluate the kinetics of regrowth in food, cells starved for 24 h were transferred
to 13 SPP medium at a starting density of 104 cells/ml, and the cell density was
determined at 5-h intervals.

Indirect immunofluorescence and analysis of DAPI-stained interphase nuclei.
DHHP1 and CU428 cells in logarithmic growth (2 3 105 to 3 3 105 cells/ml) were
starved for 24 h at 30°C. Equal amounts of DHHP1 cells and CU428 cells were
mixed and fixed in periodate-lysine-paraformaldehyde (PLP) (see reference 30).
Fixed cells were then subjected to indirect immunofluorescence analyses by using
a-Hhp1p and rhodamine-conjugated secondary antibodies, followed by staining
with 0.2 mg of the DNA-specific dye 49,6-diamidino-2-phenylindole (DAPI) per
ml. Micrographs were obtained for both DAPI and a-Hhp1p antibody staining,
and prints were digitized by using a Hewlett-Packard ScanJet II cx/T scanner.
The DAPI-stained areas of randomly chosen macronuclei of DHHP1 or CU428
were measured by using NIH Image 1.59 software. Then, 100 nuclei from each
cell strain were measured from six individual micrographs taken in two indepen-
dent experiments.

Ultrastructural analyses. Tetrahymena cells were fixed and processed for ul-
trastructural evaluation as previously described (51). Images were captured on
negatives, which were directly digitized by using a Hewlett-Packard ScanJet II
cx/T scanner. The number of chromatin bodies per unit area and the size of
individual chromatin bodies were determined with the NIH Image 1.59 software.

Alkaline phosphatase treatment. Total acid-soluble proteins from growing or
starved cells were dried, incubated with or without alkaline phosphatase as
described before (30), and resolved on a long (30 cm) acid-urea gel.

RESULTS

Somatic gene replacement of HHP1. To disrupt the single-
copy HHP1 gene in somatic macronuclei, a disruption plasmid
was constructed (pHHP1-Neo [see Fig. 1A]) and used to trans-
form starved Tetrahymena cells according to standard methods
(6). The HHP1 disruption construct containing a previously
described gene disruption cassette (19) flanked by a 0.5-kb 59-
and a 0.4-kb 39-HHP1 flanking sequence was used to replace
the macronuclear gene encoding Hhp1p (see Fig. 1A and Ma-
terials and Methods). Two transformants (referred to as
DHHP1.2 and a DHHP1.6) were obtained after 50 to 60 gen-
erations of growth under selection with paromomycin. South-
ern blot analyses were performed on both strains to determine
if all of the somatic copies of the HHP1 gene were completely
replaced by the disruption construct. Identical results were
obtained with both transformants; the results obtained with
DHHP1.6 are shown in Fig. 1.

When a 0.5-kb fragment from the 59 flanking region of the
HHP1 gene (Fig. 1A) was used as a probe against the total
genomic DNA from wild-type cells, a 9.0-kb band correspond-
ing to the intact HHP1 gene was detected (Fig. 1B, left panel).
Alternatively, a 7.0-kb band corresponding to the expected size
of the replacement fragment alone was detected in both knock-
out strains (Fig. 1B, left panel). After the same blot was re-
probed with a 1.3-kb Neo probe, this 7.0-kb band was still
detected in knockout cells, while no signal was observed in
wild-type cells, confirming that this 7.0-kb fragment was de-
rived from the disruption construct (Fig. 1B, right panel).

To rule out the possibility that any wild-type HHP1 genes
remained in the polyploid macronucleus (i.e., the transcrip-
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tionally active nucleus) of knockout cells after phenotypic as-
sortment, Northern blot analyses were performed to evaluate
steady-state message levels in both wild-type and knockout
strains. With a 0.7-kb fragment from the HHP1 coding se-
quence used as a probe, the expected 1.0-kb message was
detected in wild-type cells but not in knockout strains (Fig.
1C). These results demonstrate that all copies of the endoge-
nous HHP1 gene were disrupted and that HHP1 mRNA is
absent in the disruption strains.

HHP1 disruption strains (DHHP1) lack Hhp1p. To further
verify that Hhp1p is not synthesized in our HHP1 disruption
strains (DHHP1), Western blot and immunofluorescence anal-
yses were performed. Total acid-soluble protein from macro-
nuclei of wild-type or DHHP1 cells was resolved on sodium
dodecyl sulfate (SDS) gels and stained with Coomassie blue
(Fig. 2A, left panel) or transferred to nitrocellulose and probed
with a-Hhp1p antiserum. Although equivalent amounts of pro-
tein were extracted from both cell strains (Fig. 2A, left panel),
Hhp1p was detected only in wild-type macronuclear extracts
and not in protein extracted from the DHHP1 cells (Fig. 2A,
right panel).

Previous studies have shown that Hhp1p is modestly en-
riched in condensed chromatin bodies compared to the core

histone H2A used to indicate the distribution of “general”
chromatin (30). Vegetatively growing cells from wild-type or
DHHP1 cells were fixed and processed for indirect immuno-
fluorescence analyses with a-Hhp1p antiserum. As expected,
macronuclei in wild-type cells stained intensely for Hhp1p
(Fig. 2B, upper panels), while no staining was detected in
either of the DHHP1 disruption strains (Fig. 2B, lower panels).
These results confirm that Hhp1p is not expressed and strongly
suggest that Hhp1p alone accounts for the punctate immuno-
staining pattern of a-Hhp1p observed in macronuclei during
vegetative growth.

DHHP1 cells exhibit reduced viability during starvation.
The finding that HHP1 expression is completely eliminated in
our disruption strains suggests that, unlike HP1 in Drosophila,
Hhp1p is not essential in Tetrahymena. Moreover, the growth
rate of DHHP1 cells from two independent transformants (Fig.
3A) is indistinguishable from that of wild-type cells.

In Tetrahymena, starvation is a physiological state that is
necessary to induce the sexual pathway, termed conjugation,
during which a unique program of genetic information, which
is not present during vegetative growth, is expressed (41, 52).
To possibly uncover a more subtle phenotype of cells lacking

FIG. 1. HHP1 gene is completely replaced by a disruption construct. (A) Disruption construct and macronuclear genomic map of HHP1 loci. A 2.4-kb SacI-XhoI
fragment of pHHP1-Neo construct and a 9.0-kb HindIII fragment of the genomic HHP1 gene are shown. A 0.5-kb fragment of the 59 flanking region (shown as a striped
box on left) and a 0.4-kb fragment of the 39 flanking region of the HHP1 gene (shown as a striped box on the right) were produced by PCR. These two PCR fragments
were then inserted into a gene disruption cassette (20) containing a 1.5-kb drug resistance marker driven by an HHF1 promoter (shown as a gray box), followed by the
Neo gene and the BTU2 terminator (shown as a solid box). A 1.3-kb fragment of the Neo drug resistance marker, a 0.5-kb fragment of the 59 flanking region of HHP1,
and a 0.7-kb fragment of the coding region of HHP1, shown as bold lines with asterisks at their ends, were used as Neo, 59-HHP1, and HHP1 probes, respectively, in
the Southern and Northern blot analyses. (B) Total genomic DNA from wild-type and DHHP1 cells was digested with HindIII and analyzed by Southern blot analyses
with 59-HHP1 probe or Neo probe. (C) Northern blot analysis of total cell RNA in wild-type (WT) and DHHP1 strains with HHP1 probe. The bottom panel shows
ethidium bromide-stained rRNA as a loading control.
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Hhp1p, knockout cells were also examined under nongrowth
(starvation) conditions (60).

Wild-type and DHHP1 cells were depleted of nutrients (i.e.,
washed into 10 mM Tris [pH 7.5]), and the cell density was
examined over a subsequent 40-h period as shown in Fig. 3B.
Relative to similarly treated wild-type cells, a significant dif-
ference in cell density was observed in both DHHP1 transfor-
mants over the first 40 h of starvation (Fig. 3B). While more
than 95% of the wild-type cells were recovered after 40 h of
starvation, only ;80% of DHHP1 cells survived these physio-
logical conditions (Fig. 3B). This result suggests that the ab-
sence of Hhp1p directly or indirectly affects cell survival during
prolonged periods of starvation. This conclusion is further
supported by directly examining the survival rate (Fig. 3C) and
the kinetics of regrowth of cells after a 24-h starvation period
(Fig. 3D). Our results indicate that the survival rate of DHHP1
transformants decreases 25 to 30% after 40 h of starvation,
while that of wild-type cells decreases 0 to 5% (Fig. 3C).
Similarly, the rate of regrowth of DHHP1 cells after 24 h of
starvation is reproducibly lower than that of wild-type cells
(Fig. 3D), although their growth rate will eventually be as same
as that of wild-type cells after 2 to 3 days of recovery in
nutrient-rich medium (Fig. 3A). Thus, we conclude that
DHHP1 cells exhibit reduced viability during a transient period
after a shift from growth to nongrowth (starvation) conditions.

DHHP1 cells display abnormally large macronuclei upon
starvation. Earlier studies utilizing linker histone knockout
strains of Tetrahymena have shown that H1 is involved in chro-

matin condensation in vivo based on the finding that the
DAPI-stained area of macronuclei in H1 disruption strains is
increased (48). In contrast, during periods of prolonged star-
vation, macronuclei in wild-type cells become smaller concom-
itant with an increase in the size of condensed chromatin
bodies and a general decrease in gene expression and other
cellular activities (31). To determine whether Hhp1p is in-
volved in any of these morphological changes, starved DHHP1
or wild-type cells were intentionally mixed together, fixed and
stained with both DAPI (Fig. 4B) and a-Hhp1p antiserum
(Fig. 4A), and examined by fluorescence microscopy. As shown
in Fig. 4B, the DAPI-stained area of macronuclei in DHHP1
cells (indicated by the absence of a-Hhp1p staining [Fig. 4A,
left panel]) is significantly larger (1.5-fold) than that of wild-
type cells. Interestingly, this difference in macronuclear size is
not observed in vegetatively growing cells, a result quantitated
in Fig. 4C. Thus, while no significant difference in macro-
nuclear size has been detected between wild-type and DHHP1
cells under nutrient-rich (growing) conditions, a 1.5-fold dif-
ference is detected under nutrient-poor (starvation) condi-
tions. In keeping with published in vivo data on H1 knockout
strains (48), these data suggest that Hhp1p may facilitate ma-
cronuclear chromatin condensation during a physiological re-
sponse to starvation.

Altered morphology of chromatin bodies observed in wild-
type cells upon starvation does not occur in DHHP1 cells.
Previous studies have shown that the size of the condensed
chromatin bodies in macronuclei is increased in wild-type cells

FIG. 2. DHHP1 cells lack Hhp1p. (A) Western blot analysis. Total acid-soluble macronuclear protein, extracted from vegetatively growing wild-type (WT) or
DHHP1 cells, was resolved on SDS–12% polyacrylamide gels. Gels were either stained with Coomassie blue (left panel) or blotted onto nitrocellulose and
immunoblotted by using a-Hhp1p antibodies (right panel). As expected, Hhp1p was only detected in wild-type cells and not in DHHP1 cells (see arrow). (B) Indirect
immunofluorescence analyses. Vegetatively growing cells from wild-type or DHHP1 strains were fixed and processed for immunofluorescence by using a-Hhp1p and
rhodamine-conjugated secondary antibodies. Cells were also stained with the DNA-specific dye DAPI.
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upon prolonged starvation (31), and our recent studies have
shown that Hhp1p is modestly enriched in these electron-
dense structures (30). To examine more directly the state of
the condensed chromatin in macronuclei from cells lacking
Hhp1p, ultrastructural analyses were performed on wild-type
and DHHP1 cells under both nutrient-rich and starvation con-
ditions. Consistent with our observations at the light micro-
scopic level, no obvious differences were observed in the ultra-
structure of the macronuclei chromatin. In particular, the size
and number of the electron-dense chromatin bodies were the
same when the wild-type and DHHP1 cells were maintained
under growth conditions (compare Fig. 5A and 5C; see also
Fig. 6). However, while the number of chromatin bodies per
unit area remains roughly the same when cells lacking Hhp1p
are subjected to starvation conditions, the average chromatin
body size in the DHHP1 strain is about half of that observed in
the wild-type cells (compare Fig. 5B and D; see also Fig. 6).
Our quantitative data, presented in Fig. 6, suggest that the
documented increase in chromatin body size observed in wild-
type cells upon starvation (31) does not occur in the DHHP1
cells.

Hhp1p is hyperphosphorylated in starved cells. Since, in
contrast to wild-type cells, the relative size of the chromatin
bodies fails to increase in DHHP1 transformants upon starva-
tion, we next asked whether the amount of Hhp1p is altered
upon starvation in cells containing Hhp1p. Western blot anal-
ysis with a-Hhp1p antiserum failed to detect any significant
difference in the amount of Hhp1p extracted from growing and
starved cells (Fig. 7A). However, the phosphorylation state of

many chromosomal proteins, including Drosophila HP1, is dy-
namically changing in response to different physiological or
developmental conditions (14, 29), and our previous studies
have shown that Hhp1p is multiply phosphorylated in vegeta-
tively growing cells (30). To determine whether the phosphor-
ylation state of Hhp1p is modified in response to starvation,
acid-soluble macronuclear protein from vegetatively growing
or starved wild-type cells was resolved on long acid-urea gels,
blotted to a membrane, and probed with a-Hhp1p antiserum
(Fig. 7B).

As shown previously (30), Hhp1p extracted from growing
cells resolves into several distinct bands corresponding to a
single, faster-migrating dephosphorylated isoform and a col-
lection of slower-migrating phosphorylated isoforms (Fig. 7B,
lane 1). In starved cells, however, two additional slower-mi-
grating bands are consistently detected (see arrowheads in Fig.
7B, lane 2), and most of these slower-migrating bands “col-
lapse” to the position of the single faster-migrating band when
the samples are first treated with alkaline phosphatase (Fig.
7B, lane 3). These data suggest that these additional slow-
migrating species represent new, multiply phosphorylated iso-
forms of Hhp1p that are induced upon starvation. Thus, al-
though the amount of Hhp1p remains the same during periods
of prolonged starvation, the steady-state phosphorylation level
of Hhp1p increases as part of the response to this physiological
state.

Activation of two starvation-induced genes is reduced in
DHHP1 cells. Heterochromatin is often associated with gene
silencing, leading to the general belief that a more condensed
chromatin environment causes decreased accessibility of tran-
scription factors to target genes. However, recent studies with
strains lacking linker histone H1 have elegantly shown that the
absence of linker histone can impose opposing effects on the
regulation of at least certain genes in vivo (49). It was of
interest then to determine whether similar results would be
obtained with cells lacking Hhp1p. More specifically, our find-
ing that the assembly of condensed chromatin is compromised
in DHHP1 cells, at least during starvation, led us to ask if
transcriptional regulation in macronuclei is affected by a lack
of Hhp1p under this physiological condition. Under nongrowth
conditions, many growth-related genes are repressed in Tetra-
hymena, whereas a new set of starvation-related genes is in-
duced (5, 52). To assess the possible role of Hhp1p in starva-
tion-induced gene regulation, three different types of genes
were examined in wild-type and DHHP1 cells: growth-related
genes, starvation-induced genes, and genes that are constitu-
tively expressed in both conditions.

Northern blot analyses were performed on total RNA iso-
lated from growing and starved cell populations of wild-type
and DHHP1 strains (Fig. 8). For reference, an H1 disruption
strain (DH1) was also analyzed (49). One growth-associated
gene selected for examination was the HHT1 gene, which en-
codes histone H3 and is highly expressed in growing cells but is
repressed in starved cells (3, 52, 60). Relative to wild-type cells,
no difference was observed in the steady-state level of H3
mRNA in either H1 or HHP1 disruption strains during growth
or starvation. Similarly, no differences were detected in mRNA
levels in the different cell lines when either b-tubulin or actin
genes were used as probes in similar analyses (data not shown).
These data suggest that the regulation of several growth-asso-
ciated genes is unaffected by the loss of Hhp1p. Unlike HHT1,
the HHT3 gene encodes a relatively minor constitutively ex-
pressed or “basal” histone H3 variant whose expression is
detected in both growing and starved cells (3, 60). When the
mRNA level of HHT3 was examined in DHHP1 cells, an ex-
pression pattern nearly identical to that of wild-type cells was

FIG. 3. DHHP1 cells exhibit reduced viability during starvation. (A) Growth
curve of wild-type and two DHHP1 transformants, DHHP1.2 and DHHP1.6. Cells
were grown at 30°C in 13 SPP medium. (B) Changes in cell density of wild-type
and DHHP1 cells during starvation. Cells in the logarithmic phase of growth were
starved in 10 mM Tris-HCl (pH 7.4) at 30°C, and the cell densities were mea-
sured at the indicated times. (C) Survival of wild-type and DHHP1 cells during
prolonged periods of starvation. Cells were starved at 30°C for the indicated
times, at which time ;100 single cells were isolated and transferred to 13 SPP
medium. After 2 days, drops containing numerous cells were counted as positive
for survival (60). (D) Recovery of wild-type and DHHP1 cells after starvation.
Cells were starved at 30°C for 24 h and then were transferred to 13 SPP medium
at a starting density of 104 cells/ml. The cells densities were measured at the
indicated times. Symbols: ■, wild type; Œ, DHHP1.2; F, DHHP1.6.
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FIG. 4. DHHP1 cells display abnormally large macronuclei upon starvation. Wild-type (WT) and HHP1 knockout (DHHP1) cells were starved in 10 mM Tris for
24 h, mixed at a 1:1 ratio, and stained in situ with a-Hhp1p antibodies (A) and DAPI (B). As expected, a punctate Hhp1p staining pattern was observed in the
macronuclei of wild-type cells, while no staining was detected in DHHP1 cells (see arrows in panel A). Note the relatively larger size of macronuclei in the DHHP1 cells.
Bar, 10 mm. (C) The DAPI-stained cross-sectional areas of 100 to 200 macronuclei from growing or starved wild-type or DHHP1 cells were measured; the nuclear size
is presented in arbitrary units. The mean and standard error values for three independent experiments are shown. Note that no significant difference between the
macronuclei of wild-type and DHHP1 cells is detected under growing conditions, while an approximately 1.5-fold difference is detected between cell strains after
starvation.
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observed (Fig. 8). These data suggest that the regulation of
“constitutive” genes is also unaffected by the loss of Hhp1p.

ngoA and CyP are the only two known starvation-induced
genes in Tetrahymena that are not transcribed to a large extent
during vegetative growth (41). While the function of ngoA is
unknown (41), CyP encodes a cysteine protease whose level
increases dramatically upon starvation (34). As shown in Fig. 8,
neither ngoA nor CyP is detected in growing cells from any of
the strains examined, suggesting that, during growth, both
genes are maintained in a repressed state in the absence of
either Hhp1p or H1. However, in starved cells, while ngoA and
CyP mRNA is clearly present in wild-type cells, message levels
for both genes are considerably less abundant in cells lacking
Hhp1p. In agreement with published studies with H1 knockout
cells (49), the ngoA message level remains roughly the same in
DH1 cells compared to the wild-type cells while, in contrast, the
expression of CyP is dramatically decreased in DH1 cells.

Quantitation of three independent sets of Northern blot data
reveals that mRNA levels of ngoA and CyP in DHHP1 cells are
reduced by approximately two- and fourfold, respectively, rel-
ative to wild-type cells. Our results are consistent with the
possibility that Hhp1p facilitates the expression of at least
some starvation-induced genes, perhaps through a phosphory-
lation-mediated pathway leading to the assembly of a con-
densed chromatin state.

DISCUSSION

Hhp1p is not essential during vegetative growth, but its
absence affects cell viability during starvation. Widespread
conservation of HP1-like proteins throughout evolution (50)
and the lethality of HP1 null alleles in Drosophila (13) suggest
that members of this family are important for cell viability and
development. Although the specific molecular details underly-

FIG. 5. Ultrastructural analyses of chromatin bodies in macronuclei of wild-type and DHHP1 cells. Growing (A and C) or starved (B and D) wild-type (A and B)
or DHHP1 (C and D) cells were fixed and processed for ultrastructural analysis by transmission electron microscopy. Note the difference in size between the chromatin
bodies of the wild-type and DHHP1 cells, particularly in the starved cells. No consistent differences in the size or morphology of the multiple, peripherally located
nucleoli were observed between the strains.
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ing the function of HP1-like proteins remain unclear, several
lines of evidence support the hypothesis that HP1-like proteins
function in the assembly and maintenance of heterochromatin,
a specialized chromatin environment that is most often asso-
ciated with gene silencing (16). Besides this more-accepted
role in gene silencing, HP1 also appears to play an important
role during mitosis, with possible functions in transferring the
inner centromere protein INCENP from centromeres to the
spindle (1) and in binding to telomeres and preventing telo-
mere fusions (17). Therefore, the absence of HP1 in flies may
result from abnormal patterns of chromosome segregation that
lead to lethality in Drosophila (35).

In this study, we have successfully disrupted the single-copy
gene encoding an HP1-like protein, Hhp1p, in the ciliated
protozoan Tetrahymena. Unlike Drosophila HP1, complete
elimination of Hhp1p from somatic macronuclei does not ap-
pear to have an obvious effect on vegetative cell growth. In
contrast to the situation in flies, nuclear division in Tetrahy-
mena macronuclei is amitotic, occurring without chromosome
condensation and segregation. Thus, the loss of Hhp1p need
not affect the proper segregation of chromosomes during
growth, a property imparted exclusively to micronuclei that
lack Hhp1p completely (7, 30, 45).

While no obvious phenotypic difference was detected in
DHHP1 cells under nutrient-rich (growing) conditions, several
phenotypic differences were observed during starvation. Our
data indicate that DHHP1 cells exhibit a reduced viability dur-
ing starvation (Fig. 3B to D). While these data suggest a po-
tentially important role of Hhp1p in mediating the expression
of a subset of starvation-induced genes, reduced viability of
DHHP1 cells could lead to cell lysis and the generation of cell
debris that, in turn, could be used as a nutrient source and so
influence our results. We feel that this explanation is unlikely
for several reasons. First, the mating pathway or conjugation in
Tetrahymena is a process that is extremely sensitive to nutrient
and ionic conditions (4) and, in the laboratory, initiation of
conjugation is conveniently induced by starvation. Mating-ef-
ficiency tests, defined by monitoring the percentage of paired
cells after starved cells of opposite mating types are mixed,
were performed between DHHP1 cells and wild-type partners
(mixed after 18 to 24 h of starvation). These tests indicate that
the remaining viable DHHP1 cells are able to enter the conju-
gation pathway as efficiently as wild-type control partners (data
not shown). Thus, as initiation of conjugation is generally
taken as a sensitive indicator of “sufficiently starved” cells, it
seems unlikely that the observed reduction in the expression of
the starvation-induced genes in DHHP1 cells is due to a sig-
nificant degree of “refeeding” from cellular lysis. Second, sev-
eral growth-specific genes (i.e., HHT1 and HHT3) remain sup-
pressed in DHHP1 cells during starvation (Fig. 8), again
suggesting that cell lysis and refeeding are not sufficient to
induce the expression of these genes. Thus, based on results
from both a biological and a molecular assay to monitor the
starvation state of the cell, it seems likely that the starvation-
induced phenotypic differences that we have observed in

FIG. 6. Distribution of chromatin body size in growing and starved cells. The
size of chromatin bodies from growing and starved wild-type (WT) or DHHP1
cells was measured. The mean 6 the standard error and the number of mea-
surements (indicated as “n”) are shown in each graph. Note that the size distri-
butions of chromatin bodies from growing wild-type cells (upper left panel) and
growing DHHP1 cells (lower left panel) are comparable. In contrast, chromatin
bodies from starved wild-type cells (upper right) are significantly larger than
those from starved DHHP1 cells (lower right).

FIG. 7. Hhp1p is hyperphosphorylated in starved cells. (A) The amount of Hhp1p remains the same upon starvation. Total acid-soluble macronuclear protein,
extracted from vegetatively growing (GR) or 24-h-starved (ST) wild-type cells, was resolved on an SDS–12% polyacrylamide gel, blotted onto nitrocellulose, and
immunoblotted with a-Hhp1p antibodies. (B) Proteins from growing or starved wild-type cells were resolved on an acid-urea (AU) gel and analyzed by Western blot
analysis with a-Hhp1p antibodies. In the sample shown in lane 3, Hhp1p from starved cells was incubated with alkaline phosphatase (1AP) before electrophoresis on
a long acid-urea gel. Note the appearance of two slower-migrating bands in the sample from starved cells (indicated by arrowheads in lane 2).
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DHHP1 cells are due, directly or indirectly, to the absence of
Hhp1p and not to a failure to sufficiently starve the cells.

Our studies also show that the removal of Hhp1p from
macronuclei causes a significant increase in the size of macro-
nuclei relative to those of the wild-type cells and, interestingly,
this effect is only seen in starved cells. In some ways this
phenotype is reminiscent of previous analyses of cells lacking
H1, where an increase of macronuclear size was noted in grow-
ing cells and suggested to correlate with decondensation of the
chromatin fiber in the absence of linker histone (48). Similarly,
we suspect that the increase in the DAPI-stained area of ma-
cronuclei observed in DHHP1 strains is directly related to in-
complete condensation and compaction of the chromatin fiber
seen in starved cells.

Our data are consistent with a putative function of Hhp1p in
a pathway of chromatin assembly that leads to the generation
of larger chromatin bodies upon prolonged starvation. During
this physiological state, cells lacking Hhp1p have significantly
smaller chromatin bodies than their wild-type counterparts.
However, given that chromatin bodies exist in cells lacking
Hhp1p, it seems unlikely that Hhp1p is solely responsible for
initiating the assembly of these electron-dense structures. Our
results are most consistent with Hhp1p participating in a star-
vation-induced pathway of condensed chromatin assembly that
leads to an increase in chromatin body size, an increase that
may be mediated by a phosphorylation-induced conforma-
tional change or a novel protein-protein association. Alterna-
tive explanations are also possible. For example, potential in-
teractions between HP1 and the nuclear envelope have been
reported (40, 59), and these interactions might be disrupted in
mutant cells, resulting in an increase in the size of the macro-
nucleus.

Gene regulation mediated by Hhp1p-associated effects. In
Tetrahymena, total cellular RNA and poly(A)-containing RNA
decrease upon starvation to approximately 20% of that ob-
served in growing cells (5). The finding that chromatin body
size increases upon starvation in an Hhp1p-dependent fashion
led us to predict initially that this alteration in chromatin struc-
ture might be linked to transcriptional repression of growth-
related genes during starvation. Although contrary to our ini-
tial expectations, the finding that the expression of a limited
number of growth-related genes (histone, tubulin, and actin
genes) remains unchanged in cells lacking Hhp1p is consistent
with several observations: DHHP1 cells grow at a wild-type rate
under nutrient-rich conditions, and the morphology and ultra-
structure of the macronuclei are indistinguishable from those
of wild-type cells in this physiological state.

While the molecular details remain to be defined, our stud-
ies point to a more complex picture of Hhp1p function wherein
a more condensed chromatin environment potentially pro-
duces a positive effect on gene expression: the activation of two
starvation-induced genes, ngoA and CyP, is decreased in
DHHP1 cells compared to wild-type or DH1 strains (Fig. 8). It
remains a formal possibility that secondary effects, produced in
the sick or dying DHHP1 cells, affect the regulation of the
starvation-induced genes that we have selected for study. Sev-
eral considerations suggest that this is unlikely. If cell death
was causing global changes in gene regulation, it seems likely
that we would have observed misregulation with some of the
genes that we assayed, and this is not the case. Moreover, our
experiments detected misregulation of only starvation-induced
genes and not of growth-dependent or constitutively expressed
genes, a finding consistent with the starvation-induced pheno-
type that we observed in DHHP1 cells. Even if the effect of the
loss of Hhp1p on ngoA and CyP is indirect, the finding that
Hhp1p is not essential during vegetative growth but exerts a
clear starvation phenotype likely reveals an important physio-
logical function(s) of Hhp1p in vivo. It is also worth noting that
another HP1-like protein, Swi6p, is also not essential in yeast
cells (2) and, interestingly, the absence of the SWI6 gene affects
sporulation and meiosis (37), a process triggered by starvation
in yeast.

Unfortunately, the in situ location of ngoA or CyP with
respect to chromatin bodies is not known due to technical
limitations. Nonetheless, our findings are reminiscent of results
with Drosophila HP1, wherein mutations in HP1 lead to a
decreased expression of variegating heterochromatic genes
(e.g., Light [26]). On the basis of these data it has been sug-
gested that the expression of heterochromatin-located genes
requires the existence of an appropriate heterochromatin en-
vironment or compartment (55, 58). In vivo studies with Tet-
rahymena have shown that linker histone H1 is required for the
activated expression of CyP in starved cells (see reference 49
and Fig. 8). This surprising result is consistent with the idea
that H1, a histone thought to facilitate higher-order chromatin
structure, can act as both a positive and a negative gene reg-
ulator. Along this line, genome-wide expression analyses have
recently begun to dissect the identity of genes whose expres-
sion, coordinately regulated under diverse physiological con-
ditions, depends on the functions of key transcriptional regu-
lators, including those that modify chromatin components (28).
Using this technology, up- and downregulation have been ob-
served in the absence of certain regulators, suggesting that the
transcriptional effects of various knockouts are likely to be
gene specific. Inasmuch as chromatin effects are also likely to
be gene specific, it remains of interest to know to what extent
the loss of Hhp1p affects the genome-wide expression (up or
down) of other starvation-induced genes in this organism.

FIG. 8. Activated expression of two starvation-induced genes is reduced in
DHHP1 cells. Northern analyses of HHT1, HHT3, ngoA, and CyP expression
were performed. Total RNA (10 mg) was isolated from wild-type, DH1, and
DHHP1 cells at 250,000 cells/ml during log-phase growth (Growing) or after a
24-h starvation (Starved). The bottom panels show ethidium bromide-stained
rRNA as a loadings control.
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